Although the aerobactin-mediated iron uptake system has been characterized genetically in Escherichia coli, the siderophore aerobactin was chemically characterized after purification from culture supernatants of Aerobacter aerogenes 62-1, a member of the Klebsielleae. We have cloned and mapped the genes encoding the aerobactin system genes ofA. aerogenes 62-1 and begun characterization of the relevant proteins and enzymatic activities of this plasmid-mediated aerobactin system. Published chemical data indicate that the siderophore aerobactin of E. col is the same molecule as the aerobactin of Aerobacter aerogenes 62-1, but we have found that both the genes and the complement of proteins making up the biosynthetic enzymes in the two systems have diverged. In contrast, the outer membrane receptors for ferric aerobactin of the two systems showed immunologic cross-reactivity, were of the same molecular size (74 kilodaltons), and were encoded by
homologous DNA sequences.
The significance of iron uptake proficiency in the growth and virulence of invasive bacteria has been established for several bacterial species (6, 9) . Iron uptake systems typically involve the secretion of an iron-chelating siderophore that competes for iron that is bound by host proteins. Aerobactin is such a siderophore and is produced by strains of Enterobacter (21, 32) , Escherichia coli (36) , Shigella (25) , Salmonella (21) , Yersinia (29) , and Klebsiella (22) . Because of its chemical and biological character, aerobactin is particularly suited for iron sequestration from blood transferrin (5, 23, 37) . The biosynthetic genes for aerobactin and for the bacterial outer membrane receptor for ferric aerobactin have been found on both bacterial plasmids and chromosomes (19, 31, 36) .
The siderophore aerobactin was first discovered in 1969 in culture supernatants ofAerobacter aerogenes 62-1 (14) . This hydroxamate siderophore was characterized after purification from A. aerogenes 62-1 culture supernatants. Later, ColV plasmid-containing E. coli was found to secrete the identical aerobactin molecule (34) , and the genetics of aerobactin synthesis was pursued with E. coli LG1315(pColV-K30) (4, 7, 11-13, 16, 17) . A. aerogenes 62-1(pSMN1) plasmid genes showing some homology to the cloned E. coli aerobactin biosynthetic genes are reportedly residents of analogous 16.3-kilobase (kb) HindIII fragments (21) . We report here that the aerobactin biosynthetic genes from E. coli(pColV-K30) and A. aerogenes 62-1(pSMN1) are distinct. The genes are rather weakly homologous, they reside on 16.3-and 14.0-kb HindIII fragments, respectively, and they encode different sets of functionally analogous biosynthetic enzymes. We also report, on the other hand, that the structural genes of the ferric-aerobactin receptor and the proteins of the two systems are very closely related.
(Results of this investigation were presented in part at the 16th Annual University of California, Los Angeles, Symposium on Molecular and Cellular Biology, 13 to 19 February 1987, Park City, Utah.) * Corresponding author.
MATERIALS AND METHODS
Bacteria, plasmids, and media. E. coli HB101, DH5, BN660, and LG1315, which carries the plasmid pColV-K30, and the vector plasmids (pBR322, pVK102, pACYC184, and pACYC177) used to generate cloned derivatives of the plasmids were from the laboratory stock and have been described previously (26, 35) . The pColV-K30-derived plasmids pABN1, pABN5, and pABN6 and A. aerogenes 62-1, which carries the plasmid pSMN1, were obtained from J. B. Neilands (3) . The lawn strain used for the bioassay designed to detect the production of aerobactin was E. coli LG1522 (fepA) containing a mutated version of the pColV-K30 plasmid unable to synthesize aerobactin (36) . MacConkey, Luria, or M9 minimal medium was used for growth and supplemented when necessary with additives such as the appropriate antibiotic (20) , 400 ,uM dipyridyl, or 10 ,uM ferric chloride.
Curing of A. aerogenes 62-l(pSMN1). Curing of A. aerogenes 62-1 of its single plasmid pSMN1 was accomplished with novobiocin as previously described (21) , with the modification that selection for plasmidless derivatives was done by spreading 100 ,ul of the novobiocin-treated cultures onto Luria agar plates that had been previously evenly covered with 200 ,ul of a crude preparation of cloacin (32) .
Single colonies that grew by virtue of their cloacin resistance were tested by colony hybridization against the radiolabeled purified plasmid pSMN1 and by bioassay. Cured and uncured A. aerogenes 62-1 were then submitted to the clinical microbiology laboratory at The Oregon Health Sciences University for assay of the integrity of the cured derivative by a panel of biochemical tests.
Cloning and mapping of A. aerogenes iron uptake system. Total DNA, prepared from A. aerogenes 62-1(pSMN1) by the method of Hull et al. (18) , was partially digested with HindIII and ligated to the completely HindIII-digested cosmid vector pVK102. In vitro packaging and transduction were performed with the system developed by Amersham Corp., Arlington Heights, Ill., and prospective clones were screened by bioassay and confirmed by cloacin sensitivity, as previously described (2, 26, 36) . Subcloning of a deleted version of an original cosmid clone into pBR322 and pACYC184 generated smaller DNA derivatives that facilitated mapping by conventional techniques.
Southern blotting and inimunoblotting. Southern blot hybridization experiments were performed as described previously (26) . For immunoblotting, outer membranes were prepared from cultures of bacteria grown in iron-rich or iron-poor minimal medium (10) . After sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, the samples were transferred to nitrocellulose paper and reacted with paitially purified antibody (1) raised against the 74-kilodalton (kDa) aerobactin outer, membrane receptor of E. coli LG1315(pColV-K30). Staining was performed by the protein A-peroxidase method (1).
Identification of plasmid-encoded proteins. In vitro DNAdirected protein synthesis was accomplished with the system developed by Amersham Corp. Maxicells were prepared as described elsewhere (27, 28) by irradiation of BN660 cultures that contained high-copy-numnber cloned derivatives of the original A. aerogenes 62-1(pSMN1) iron uptake system cosmid clone. Proteins radiolabeled by either method were visualized by processing in a 12.5% SDS-polyacrylamide gel, drying the gel under heat and vacuum, and exposing it at -70°C to Kodak XRP or XAR film.
RESULTS
Identification of plasmid-encoded genes for aerobactin iron uptake system in A. aerogenes 62-1. To investigate the genetic relatedness of the A. aerogenes(pSMN1) iron uptake system, we probed the DNA of plasmid pSMN1 prepared from A. aerogenes 62-1 with segments of the aerobactin-specific region from the E. coli plasmid pColV-K30. We could not find analogous internal restriction enzyme patterns when we compared the E. coli and A. aerogenes aerobactin-specific regions. This disparity contrasted with the biological activity of the two systems. Both the E. coli strains, carrying ColVand other aerobactin-encoding plasmids and A. aerogenes 62-1(pSMN1) produced strong halos of growth when spot inoculated onto a lawn of E. coli LG1522, a result indicative of ferric-aerobactin cross-feeding. On the basis of field desorption mass spectroscopy, the aerobactin molecules produced by cultures of E. coli LG1315 and A. aerogenes 62-1 are identical (34) . Because the biosynthetic pathway for the E. coli aerobactin system involves four distinct enzymes, a divergent set of enzymnes could make up the A. aerogenes system. On the other hand, a chromosomal location for the aerobactin system genes of A. aerogenes 62-1 has not been ruled out. To allow for either plasmidor chromosomedirected synthesis of aerobactin system enzymes, we prepared total DNA from a culture of A. aerogenes 62-1. A cosmid clone bank was generated by in vitro packaging of this DNA that had been partially digested with HindIlI and ligated to cosmid vector pVK102 (35) . Initial bioassay screening of 200 cosmid clones yielded three aerobactinproducers that all shared a 14-kb HindIII fragment. Southern blot hybridization experiments with this 14-kb HindIII fragment as probe established that this 14-kb fragment resided within the 200-kb pSMN1 plasmid of A. aerogenes 62-1 (data not shown). A deletion derivative of one of these cosmid clones (pJHC-VW1738) was subcloned into pBR322. This clone of the 14-kb HindIII fragment, pJHCVW17 ( Fig. 1 ), contained the entire aerobactin system genetic region, including the genes encoding the enzymes required for aerobactin production and the structural gene for the outer membrane receptor for ferric aerobactin. In view of our previous results (35) , it is important to note here that this 14-kb HindlIl fragment containing the A. aerogenes 62-1(pSMN1) aerobactin genes did not possess a complete copy of the insertion sequence IS] nor was it flanked by the replication region REPI that characterizes the IncFI ColV plasmids (data not shown). A smaller clone, pJHCVW100, generated by EcoRV deletion (Fig. 1 ), retained biological activity and was used extensively for mapping.
Genetic relatedness of aerobactin systems of plasmids pSMNl and pColV-K30. The by the variation in restriction enzyme sites ( Fig. 2) , is reflected in the degree of homology revealed when both systems were probed with an internal region of the E. coli system genes ( Fig. 3 and 4 ). After several Southern blot hybridization experiments, it became apparent that the genetic regions encoding the outer membrane receptor protein for ferric aerobactin of the A. aerogenes 62-1 and E. coli systems shared the most homology. In confirmation of our initial observations, the genetic regions that are specific for the synthesis of the siderophore aerobactin in the two systems were clearly divergent, both in terms of the restriction maps and according to the strength of the signals Fig. 3 . The probe was the radiolabeled 7-kb HindIII-to-EcoRI fragment of the pColV-K30 aerobactin operon (Fig. 2 ). Panels and lanes are labeled as for Fig. 3 . obtained in Southern blot hybridizations with agarose gels loaded with comparable DNA concentrations from the two genetic systems and with a largely siderophore-specific probe (the 7-kb HindIII-EcoRI fragment of pABN5; and Fig.  2) (3). For example, BamHI digestion of the E. coli aerobactin system clone pABN1 (3) yielded two strongly hybridizing fragments of 9.4 and 6.6 kb with the 7-kb HindIII-EcoRl probe, whereas the A. aerogenes 62-1(pSMN1) analogous clone pJHCVW17 yielded the relatively weakly hybridizing 13.5-kb BamHI fragment ( Fig. 3 and 4 ). The conserved 1.95-kb BglII fragment that showed comparable hybridization signals closely approximated the structural genes for the outer membrane receptor proteins of the two systems ( Fig. 2 to 4) .
In comparing the biological activities of the A. aerogenes 62-1(pSMN1) cloned derivatives (Fig. 1 ) in host strain E. coli HB101 and of the native strain A. aerogenes 62-1, we found that the native strain consistently gave a more intense bioassay reaction, a result indicative of increased aerobactin production. Returning the clones to a cured derivative of the A. aerogenes strain, that is, the strain without its plasmid pSMN1, resulted in a bioassay reaction comparable with that of the native strain. This result suggests differences in the expression of the cloned aerobactin system in the two species E. coli and A. aerogenes.
Immunological cross-reactivity of ferric-aerobactin receptor proteins. Sarkosyl-insoluble outer membrane preparations of the native strains E. coli LG1315(pColV-K30) and A. aerogenes 62-1(pSMN1) and of the original low-copy-number cosmid clone pJHCVW1738 in E. coli HB101 (Fig. 1) , which were grown in comparable M9 cultures of iron-rich and iron-poor media, were analyzed by SDS-polyacrylamide gel electrophoresis. The samples were then transferred to nitrocellulose paper and reacted with partially purified antibody raised against the 74-kDa outer membrane receptor protein of the E. coli pColV-K30 system. The low-iron-inducible 74-kDa proteins expressed in all of these cultures appeared to be of identical molecular size and were immunologically cross-reactive (Fig. 5 ). The exhibited a relatively increased sensitivity toward the bacteriocin cloacin, which uses the same ferric-aerobactin 74-kDa receptor to access the cell (2 and data not shown).
Cis and trans complementation. In the E. coli(pColV-K30) biosynthetic pathway for aerobactin, a molecule of lysine is first hydroxylated to form N6-hydroxylysine. An acetyl group is then added to form N6-acetyl-N6-hydroxylysine, two molecules of which condense with a molecule of citrate to form the final product aerobactin (11, 12) . The gene order in the operon is as follows: iucA, iucB, iucC, and iucD; however, the order in which their gene product enzymes are used in the synthesis of aerobactin from lysine is as follows: iucD, iucB, iucC, and iucA, so that the iucD product is the hydroxylase, the iucB product is the acetylase, and the iucA and iucC products are believed to be subunits of the synthetase (23) . The biosynthetic pathway for A. aerogenes 62-1(pSMN1) is also believed to involve the hydroxylation and subsequent acetylation of lysine, followed by the condensation of two molecules of the product with citrate (24, 33) . One way to analyze the novel genetic system for A. aerogenes 62-1(pSMN1) aerobactin biosynthetic pathway is to determine whether the genes for the two systems are coli-near. To determine colinearity of genotype and duplication of enzymatic function between the two systems, we constructed clones designed to complement aerobactin synthesis in cis or in trans (Fig. 6) .
To engineer the cis-acting clone pJHC-VW160, we started with a pBR322-derived construct carrying the first half of the E. coli aerobactin system operon, that is, the genetic region from the HindIII to the central EcoRV site. We inserted into the EcoRV site of clone, pJHC-VW50, the second half of the aerobactin operon from pSMN1, the EcoRV fragment from pJHC-VW140. Each half alone of the aerobactin system operons, as cloned in pJHC-VW50 and pJHC-VW140 and transformed into E. coli HB101, produced a negative bioassay reaction, a result indicating that there is no aerobactin cross-feeding of the lawn indicator strain E. coli LG1522. However, the hybrid clone pJHC-VW160 gave an unequivocally positive bioassay reaction. Similarly, a trans-complementing experiment was designed to supply the enzymes for biosynthetic aerobactin production in the same cell via two compatible and coexisting clones, pJHC-VW90 and pJHC-VW150. Each of these clones alone in E. coli cannot supply aerobactin, because each is a deletion derivative of aerobac- VOL. 170, 1988 tin system clones from either E. coli or A. aerogenes 62-1. In the case of the E. coli clone pJHC-VW150, a 0.5-kb BamHI fragment had been deleted from the center of the operon of the parent clones; in the case of the A. aerogenes 62-1(pSMN1) clone pJHC-VW90, the last part of the aerobactin operon had been deleted (Fig. 6 ). Transformation of both of these deletion derivatives into the same host strain (E. coli HB101) resulted in an unequivocally positive bioassay reaction. These experiments indicate that the three enzymes (the hydroxylase, the acetylase, and one or both of the putative subunits of the synthetase described forE. coli) in each system are analogous in function and are colinear. The cis clone actually predicts that a hybrid protein should be made, but from these data, we cannot comment on the function of this potential hybrid protein.
We can conclude, however, that the A. aerogenes 62-1 hydroxylase equivalent can serve the same function as that of the 53-kDa hydroxylase in the E. coli background and that the function of the iucC product (synthetase subunit B) can be duplicated by one or both of the 62.5-kDa proteins of A. aerogenes 62-1 (Fig. 2) .
Identification of proteins encoded by cloned derivatives. Results of the analysis of the cloned derivatives of the E. coli and A. aerogenes 62-1 aerobactin systems by maxicell and in vitro DNA-directed protein synthesis experiments corroborate the production of the 74-kDa outer membrane receptor protein in each system. The two receptor proteins appeared to have the same molecular weight, showed immunological cross-reactivity (discussed above), and are encoded by homologous DNA of similar or identical restriction enzyme patterns (Fig. 2) . Clones from both systems showed polypeptides. Among the proteins involved in the biosynthetic pathways for the siderophore aerobactin, the protein was identified in E. coli as the acetylase (Fig. 7) . In the E. coli system, the first enzyme in the biosynthetic pathway is the hydroxylase, which has been shown to be 53 kDa (11, 17) . There was also a protein of that size for the E. coli system (Fig. 7b, lane C) , but for the analogous clones of the A. aerogenes 62-1(pSMN1) system, there was a protein with a mass of about 60 kDa (Fig. 7b , lane D and data not shown). We also observed the synthetase proteins of the E. coli system, with masses of 62 and 63 kDa (Fig. 7b , lane C), but for the A. aerogenes 62-1 system, there was a band of apparently 62.5 kDa (Fig. 7b, lane D) . This band may be a double band, because in a smaller deleted clone, a band of similar size was apparent. The analogous smaller clone from E. coli showed one of these two synthetase proteins (Fig. 7b,  lane B) . Our data are summarized in the restriction enzyme patterns of Fig. 2 , which indicate the genetic location of the A. aerogenes 62-1 proteins which have molecular sizes of 62.5, 33, and 60 kDa.
DISCUSSION
This work represents the initial characterization of the iron uptake system in the organism from which the siderophore aerobactin was first discovered, A. aerogenes 62-1(pSMN1). The remarkable feature of this system is that it is genetically distinct from the systems in E. coli that produce the identical molecule aerobactin either by chromosomal or plasmid determinants. Genetic diversity is not unusual in procaryotic organisms, but this paper is the first report of divergence in the coding region for the aerobactin iron uptake system. We believe that the divergence seen in the aerobactin system genes is somewhat unique, because HindIII-to-EcoRV fragments (Fig. 2) are shown, and in lanes C and D, the analogous 7.0-kb HindIII-to-EcoRI fragments are shown. The smaller bands below the 33-kDa protein are probably truncated products of the 74 kDa ferric-aerobactin receptor, because the 7-kb HindIII-to-EcoRI fragment insert cuts the receptor gene to slightly less than half of the native gene.
the divergence occurs over a range of proteins that make up the enzymatic steps in the biosynthetic pathway of aerobactin. Thus, the diversity seen in the two operons encoding mercuric ion resistance in Tn2J and in TnSOl (30) , in the family of chloramphenicol acetyltransferases (8) , and in the ADP-ribosylating toxins from Pseudomonas aeruginosa and from Corynebacterium diphtheriae (15) all represent examples of diversity in single structural genes that allow the preservation of protein function. The evolution of genes and proteins proceeds naturally and is reflected in the separation of species, so that the alternative point of view would assert that the more remarkable finding is the conservation of sequences encoding aerobactin in the CoIV plasmids and in certain Salmonella R Shigella. In the case of the ColV and Salmonella R plasmids, we found an absolute correlation in the presence of these conserved sequences and their linkage to the IncFl-specific replication region REPI (35) . The fact that the pSMN1 plasmid is not of the IncFI incompatibility group (unpublished results) supports the idea that such a linkage preserves the integrity of the replication region-linked sequences. Gibson and Magrath (14) and subsequent investigators (21, 33) found that the addition of iron completely represses A. aerogenes 62-1(pSMN1) aerobactin production and that the relationship between iron content and siderophore formation for the organism is typical for many other organisms. Although the aerobactin systems of E. coli and A. aerogenes were both down regulated in high-iron conditions, the expression of the A. aerogenes 62-1(pSMN1) clones under low-iron conditions in the two species varied. Thus, regulation of the aerobactin system in A. aerogenes 62-1 may require factors that cannot be provided by E. coli. Sequencing of the A. aerogenes aerobactin operon, presently under way, may bring out interesting comparisons with the operon of E. coli at the level of regulatory regions. From a comparative study, one could also surmise that the more-conserved regions of the divergent enzymes must be critical in their enzymatic action. In this regard, the most interesting enzyme may be the lysine: N6-hydroxylase. Viswanatha et al. (33) found that the hydroxylase activity is affected by the concentration of glutamine, and it is postulated that lysine hydroxylation may be controlled by a secondary site on the hydroxylase, i.e., one site for lysine and one site for glutamine on the hydroxylase. There are alternative explanations for such a glutamine effect, and a comparison of the two systems genetically could give insights into the location of the active sites and the probability of such auxiliary sites.
